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The mechanisms underlying the wavelength dependence of the quantum yield for CO2 ﬁxation (a) and its acclimation to the
growth-light spectrum are quantitatively addressed, combining in vivo physiological and in vitro molecular methods.
Cucumber (Cucumis sativus) was grown under an artiﬁcial sunlight spectrum, shade light spectrum, and blue light, and the
quantum yield for photosystem I (PSI) and photosystem II (PSII) electron transport and a were simultaneously measured in
vivo at 20 different wavelengths. The wavelength dependence of the photosystem excitation balance was calculated from
both these in vivo data and in vitro from the photosystem composition and spectroscopic properties. Measuring wavelengths
overexciting PSI produced a higher a for leaves grown under the shade light spectrum (i.e., PSI light), whereas wavelengths
overexciting PSII produced a higher a for the sun and blue leaves. The shade spectrum produced the lowest PSI:PSII ratio.
The photosystem excitation balance calculated from both in vivo and in vitro data was substantially similar and was shown to
determine a at those wavelengths where absorption by carotenoids and nonphotosynthetic pigments is insigniﬁcant (i.e.,
>580 nm). We show quantitatively that leaves acclimate their photosystem composition to their growth light spectrum and
how this changes the wavelength dependence of the photosystem excitation balance and quantum yield for CO2 ﬁxation. This
also proves that combining different wavelengths can enhance quantum yields substantially.
INTRODUCTION
For well over half a century, it has been known that the energy
conversion efﬁciency of incident photons to chemical energy by
leaves is wavelength dependent (Hoover, 1937). This is due to
several processes that can be divided into two classes. First, the
absorption of incident irradiance by a leaf is wavelength de-
pendent due to the different absorptance spectra of the different
leaf pigments. Second, even on an absorbed light basis, dif-
ferent wavelengths have different quantum yields for CO2 ﬁxa-
tion or O2 evolution: Red light (600 to 640 nm) has the highest
quantum yield, whereas blue and green light (400 to 570 nm) are
considerably less efﬁcient in driving photosynthesis (McCree,
1972b; Inada, 1976; Evans, 1987). Maximum quantum yields for
C3 leaves were found to be close to 0.093 mol CO2 ﬁxed (Long
et al., 1993) or 0.106 mol O2 evolved (Björkman and Demmig,
1987) per mol absorbed photons.
Three major causes for the wavelength dependence of
the quantum yield for absorbed photons have been identiﬁed
(i.e., absorption by photosynthetic carotenoids, absorption by
nonphotosynthetic pigments, and an imbalanced excitation of
the two photosystems) (Terashima et al., 2009). Photosynthetic
carotenoids have absorption maxima for blue wavelengths and
differ in their efﬁciency (35 to 90%) for excitation energy transfer
to chlorophylls, depending on the type of carotenoid and its
position within the photosynthetic apparatus, whereas the en-
ergy transfer efﬁciency in the antenna complexes from chloro-
phyll to chlorophyll is 100% (Croce et al., 2001; de Weerd et al.,
2003a, 2003b; Caffarri et al., 2007). Nonphotosynthetic pig-
ments, such as ﬂavonoids and free carotenoids, also absorb
light, predominantly in the UV region but also in the blue
and green part of the spectrum (e.g., anthocyanins). Non-
photosynthetic pigments do not transfer any absorbed energy
to the photosynthetic apparatus. Finally, the pigment compo-
sition and absorbance properties differ for photosystem I (PSI)
and photosystem II (PSII); consequently, the balance of excitation
between the two photosystems is wavelength dependent (Evans,
1986, 1987; Chow et al., 1990; Melis, 1991; Walters and Horton,
1995). Any imbalance in excitation of the two photosystems
results in quantum yield losses (Pfannschmidt, 2005). However,
a quantitative understanding of the relative contribution of each of
these factors causing quantum yield losses is still lacking.
Plants are continuously exposed to spectral changes, in the
short term due to changes in weather and sun angle and in the
longer term when leaves become shaded by other leaves or
when shaded leaves become exposed to full sun (e.g., after
canopy gap formation). The degree of shading by other vege-
tation strongly affects both the light intensity and spectrum to
which a leaf is exposed. Spectral changes can directly alter the
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photosynthetic quantum yield via changes in the relative ab-
sorbance by the different pigments and via changes in photo-
system excitation balance. Acting on a time scale of minutes,
state transitions are believed to redirect excitation energy from
one photosystem to another (Haldrup et al., 2001), although in
intact leaves no subsequent increase in the quantum yield for
CO2 ﬁxation has been found (Andrews et al., 1993). In the longer
term, photosynthetic organisms can adapt to spectral changes
by altering the relative size of the two photosystems, thus, at
least partly restoring the excitation balance between them
(Chow et al., 1990; Melis et al., 1996; Fujita, 1997). In leaves,
acclimation to the spectral environment resulted in an increase
in the quantum yield for CO2 ﬁxation and linear electron trans-
port (Walters and Horton, 1995) and an altered PSI:PSII ratio
(Chow et al., 1990). However, the consequences of acclimation
of the photosystem composition to the spectral environment for
the wavelength dependence of the photosystem efﬁciency bal-
ance and how this relates quantitatively to the quantum yield for
CO2 ﬁxation have so far not been explored.
Combined in vivo chlorophyll ﬂuorescence and 820-nm absor-
bance change (DA820) measurements (Baker et al., 2007) can be
used to estimate the functional photosystem efﬁciency balance
(Eichelmann and Laisk, 2000). The spectroscopic properties of
isolated pigment-protein complexes (i.e., in vitro) can likewise be
used to estimate the photosystem excitation balance (Evans and
Anderson, 1987). Due to inefﬁciencies in excitation energy transfer
and charge separation and nonlinear electron transport processes,
such as cyclic electron transport, back-reactions, or transfer to O2,
the relationship between excitation balance, absorbance balance,
and a more functional photosystem efﬁciency balance is not simple.
In this study, we explore the relationship between the wave-
length dependence of the in vitro photosystem absorbance
balance and the in vivo photosystem efﬁciency balance and how
this balance relates to the quantum yield for CO2 ﬁxation. We
also show how the growth spectrum affects the wavelength
dependence of the quantum yield for CO2 ﬁxation in leaves.
Cucumber (Cucumis sativus) was grown under an artiﬁcial
sunlight spectrum, blue light, and an artiﬁcial shade light spec-
trum, the latter containing a stronger intensity at wavelengths
>680 nm, thus preferentially exciting PSI. The blue growth
spectrum (;445 nm) used is expected to excite the photo-
systems in a similar ratio as the sunlight (Evans and Anderson,
1987) but has earlier been shown to produce some distinct
physiological effects (e.g., sun-type photosynthetic character-
istics and a shade-type phytochrome equilibrium; Hogewoning
et al., 2010c). By combining both an in vitro and in vivo approach
we unambiguously show how acclimation to growth spectrum
results in changes in the relative absorptance of the two pho-
tosystems, which are directly linked to changes in photosystem
excitation balance and quantum yield for CO2 ﬁxation.
RESULTS
Quantum Yield for CO2 Fixation
The wavelength dependence of the quantum yield for CO2 ﬁx-
ation under nonphotorespiratory conditions (0.038% CO2; 2%
O2) was measured on cucumber leaves developed under three
different growth-light spectra (sunlight spectrum, shade light
spectrum, and blue light; Figure 1). All measurements were
performed under light-limited conditions as indicated by the fact
that the assimilation-irradiance response was typically highly
linear (R2 $ 0.997; see Supplemental Figure 1 online). The
quantum yield for CO2 ﬁxation on an incident irradiance basis,
which is an ecophysiologically relevant parameter, was highest
in the range 620 to 680 nm in all three treatments (Figure 2A; see
Supplemental Table 1 online). From 427 to 560 nm, the yield
changed relatively little and was ;70% of the highest yield
measured, while at 400 nm, the yield was higher than in the
range 427 to 560 nm (P < 0.05 for sunlight and shade light
spectrum, but for blue light not at all wavelengths). Above 680
nm, the yield declined rapidly down to zero at 736 nm. Differ-
ences in the absorptance spectra of the leaves from the three
different growth conditions were small (Figure 3). The maximum
value for the quantum yield for CO2 ﬁxation on an absorbed light
basis (a), which is more relevant than the yield on an incident
light basis with respect to our research objectives, was 0.093
CO2 ﬁxed per absorbed photon at 620 to 640 nm (Figure 2B; see
Supplemental Table 2 online). Compared with the quantum yield
for CO2 ﬁxation on an incident light basis, the wavelength range
producing the highest values of a (580 to 640 nm) was found at
shorter wavelengths (Figure 2). In the green region (520 to 580
nm) and far-red (FR) region ($700 nm), the differences between
quantum yield on an incident (Figure 2A) and absorbed (Figure
2B) light basis are greatest due to the relatively low absorptance
of these wavelength ranges.
The overall wavelength response pattern of a (Figure 2B) is
similar to that observed in previous studies (McCree, 1972b;
Inada, 1976). However, the growth light spectrum affected a to
a considerable extent. At wavelengths >680 nm, which are
usually considered as PSI light, the leaves grown under a shade
light spectrum produced a higher a than those grown under
a sunlight spectrum or blue light (Figure 2B; P < 0.05 at 700 nm
for the shade light spectrum versus the sunlight spectrum and
the blue light, P < 0.05 at 710 nm for the shade light spectrum
Figure 1. Growth-Light Spectra.
Spectral distribution of the artiﬁcial sunlight spectrum (thick solid line),
the artiﬁcial shade light spectrum (dotted line), and blue light (thin solid
line) used as growth light sources during leaf development.
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versus blue light). Below 680 nm, which is usually considered to
be PSII light, a of leaves grown under the sunlight spectrum and
the blue light was higher than a of leaves grown under the shade
light spectrum in the range 480 to 600 nm (except at 520 nm)
and at 660 nm (P < 0.05 for shade light spectrum versus sunlight
spectrum and/or blue light). However, <460 nm, at 520 nm and
at 620 to 640 nm, a did not differ signiﬁcantly for the leaves
grown under the three different spectra. Across the spectrum,
no signiﬁcant difference between a of the sunlight spectrum and
the blue light grown leaves was found.
Quantum Yield for Electron Transport through PSI and PSII
The quantum yield for CO2 ﬁxation was strictly light limiting for
the actinic light intensity range used (see Supplemental Figure 1
online). However, the quantum yield for electron transport
through PSII (FPSII) decreased with increasing irradiance at
those wavelengths where PSII was overexcited (i.e., FPSII < 0.8;
Figure 4). Possibly alternative electron sinks on the PSII ac-
ceptor side played a signiﬁcant role at very low irradiances (see
Discussion). Therefore, it appeared most reasonable to use the
FPSI and FPSII values associated with the highest light-limited
irradiance for the calculation of the photosystem efﬁciency
balance in vivo (see below). The efﬁciency of the electron
transport by open PSII traps (Fv9/Fm9) was consistently close to
0.8. This, together with the linear relationship between FPSII and
the PSII efﬁciency factor (qp; Figure 5), implies that within
the light-limited irradiance range used, the loss of FPSII was
wholly due to decreases in qp, with no contribution from
nonphotochemical quenching. While qp indicates the fraction
of photochemical quenching, qL provides an estimate of the
fraction of open PSII centers (with primary electron accepting
plastoquinone of PSII [QA] oxidized) following the lake model for
PSII (Kramer et al., 2004). The relationship of qL with FPSII was
curvilinear (Figure 5C). The low values of qL (i.e., <0.4) show how
reduced QA can become even at light-limited irradiances in the
case of PSII overexcitation (Figures 4A and 5C).
The wavelength dependence of FPSI and FPSII is shown in
Figure 6A. Overall FPSI is close to 1.0 at wavelengths <680 nm,
whereas it drops progressively at $680 nm, which, as expected,
indicates that the longer wavelengths overexcited PSI. However,
a slight overexcitation of PSI was also found for the sunlight
spectrum and the blue light–grown leaves at 380 to 400 nm and
at 520 nm, where FPSI was smaller (P < 0.05) than at 460 to
500nm at which PSII is overexcited. Maximum values for FPSII
(;0.8) were measured >680 nm for all growth light treatments
and for the sunlight spectrum and the blue light grown leaves at
wavelengths below 460 nm and at 520 nm. The lowest FPSII
values were measured around 480, 560, and at 660 nm, in-
dicating signiﬁcant overexcitation of PSII. Overall for the shade
light spectrum–grown leaves, FPSII was lower at wavelengths
<680nm, whereas FPSI was higher at wavelengths >680 nm,
compared with the sunlight spectrum and blue light–grown
leaves (Figure 6A), which is similar to the pattern found for a
(Figure 2B).
Notably, besides wavelengths producing aFPSI orFPSII close to
maximal (1.0 and 0.8, respectively), there was a range of
Figure 2. Wavelength Dependence of Photosynthetic Quantum Yield.
The quantum yield for CO2 ﬁxation for 19 different wavelengths on an incident light (A) and absorbed light (B) basis of cucumber leaves developed
under a sunlight spectrum (open circles), a shade light spectrum (closed circles), and blue light (open squares). Error bars through data points represent
the SE; the error bar in the top right corner represents Fisher’s LSD (P < 0.05, n = 3) of the signiﬁcant interaction between the means of growth light
spectrum and measuring light spectrum effects.
Figure 3. Leaf Absorptance Spectra.
Absorptance spectra of green cucumber leaves grown under a sunlight
spectrum (middle solid line), shade light spectrum (bottom solid line), and
blue light (top solid line) spectrum and the absorptance spectrum of al-
bino cucumber leaves (dotted line).
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wavelengths where neither FPSI nor FPSII was at its maximum. At
the narrow range of efﬁciencies associated with these wave-
lengths (i.e., 0.94 < FPSI < 0.98), FPSI and FPSII changed pro-
portionately and inversely (Figure 6A, inset). This phenomenon
may be related to differences in the photosystem stoichiometry of
cell layers through the leaf cross section due to the spectral
changes of light penetrating into the leaf. Nevertheless, no con-
sistent pattern of differences inFPSII measured with red and green
(deeper leaf penetration) excitation wavelengths was found. The
high values of FPSII at very low irradiances, as described above,
make further analysis of these results speculative.
The measurements of FPSII (Figure 6A) were taken after the
leaf was exposed to the actinic light for sufﬁcient time to allow
for possible state transitions ($15 min). The ratio of F09 and F0
can be used as an indicator for state transitions in the absence
of nonphotochemical quenching (Allen, 1992; Samson and
Bruce, 1995). At those wavelengths where FPSII is well below
its maximum of 0.8 and, therefore, PSII is excited more than PSI,
F09 was almost 10% lower than F0, consistent with the de-
velopment of a state transition, whereas at wavelengths over-
exciting PSI, F09 and F0 were similar (Figure 6B). Notably, the
ratio of F09 and F0 is at its lowest value over a broader range of
wavelengths in the shade light spectrum–grown leaves than in
the sunlight spectrum– and blue light–grown leaves, which is
consistent with the broader range of wavelengths overexciting
PSII in the shade light spectrum leaves (Figure 6).
Figure 4. Responses of a Range of Photosynthetic Parameters to Irradiance Preferentially Exciting Either PSI (700 nm) or PSII (480 nm), or Exciting
Both Photosystems nearly Equally (620 nm).
Response of the photosynthetic parameters FPSI and FPSII (top), qp and Fv9/Fm9 (middle), and qL (bottom) for cucumber leaves grown under a sunlight
spectrum (open circles), shade light spectrum (closed circles), and blue light (squares) to absorbed actinic irradiance (light-limited range) of 480 nm (A),
620 nm (B), and 700 nm (C).
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Photosystem Composition and Excitation Balance
To relate the in vivo parameters to the molecular composition of
the photosynthetic apparatus, the pigment and protein com-
position of the leaves developed under the three growth light
spectra was determined. The chlorophyll a:b ratio was lowest in
the leaves grown under the shade light spectrum and slightly
lower in the sunlight spectrum–grown leaves compared with the
blue light–grown leaves (Table 1). This difference in chlorophyll
a:b ratio can have two origins: (1) a change in the antenna size of
PSII or (2) a change in the PSI/PSII ratio. To discriminate be-
tween these two possibilities, the protein composition of the
thylakoid membranes was analyzed by SDS-PAGE and protein
quantiﬁcation (see Methods). The sunlight– and shade light
spectrum–grown leaves showed a virtually identical PSII an-
tenna size (Tables 1 and 2; see Supplemental Figure 2 online),
while the PSI:PSII ratio was signiﬁcantly lower for the shade light
spectrum leaves. In the blue light–grown leaves, a slightly re-
duced amount of light-harvesting complex II (LHCII) was ob-
served, while the PSI:PSII ratio was identical to that of the sunlight
spectrum–grown leaves. The lower PSI:PSII ratio found for the
shade light spectrum–grown leaves compared with the sunlight
spectrum– and blue light–grown leaves was conﬁrmed by protein
immunoblot analysis (see Supplemental Figure 3 online). The two
methods produced similar relative differences between the PSI/PSII
ratios of the leaves grown under the different light spectra.
The stoichiometry between the complexes was used to scale
their absorbance spectra (spectra for PSII supercomplex, PSI-
light-harvesting complex I (LHCI), and LHCII in Supplemental
Figure 4 online), thus allowing calculation of an estimate of the
wavelength dependence of the excitation balance of the two
photosystems. A comparison of this in vitro photosystem exci-
tation balance with the in vivo photosystem efﬁciency balance
(i.e., derived from FPSI and FPSII at the highest actinic light
intensity used at each wavelength) revealed a strong linear
relationship (Figure 7). Note that the linearity (Figure 7B) is im-
proved if the data corresponding with the wavelengths 460 and
500 nm, which are dominated by carotenoid absorption, are not
taken into account (see Supplemental Figure 5 online). Excita-
tion in vitro at those wavelengths overexciting PSII (i.e., PSII
light) appears to be more imbalanced than in vivo, where state
transitions play a role. For PSI light, the two approaches pro-
duce similar results. The apparently stronger overexcitation of
PSII in vitro is illustrated by the different slopes of the relation-
ship between the two approaches for the data points corre-
sponding with PSI light and PSII light (Figure 7B).
The Impact of Photosystem Excitation Balances on the
Quantum Yield for CO2 Fixation: Signiﬁcance of
Enhancement Effects
The photosystem efﬁciency balances in vivo (Figure 7A) were
used to estimate a corresponding wavelength dependency of
the quantum yield for CO2 ﬁxation (i.e., aest; see Methods). In this
calculation, quantum yield losses attributable to light absorption
by photosynthetic carotenoids and nonphotosynthetic pigments
are not taken into account. The values of the in vivo a calculated
from gas exchange measurements (as in Figure 2B) were similar
to the values of aest at wavelengths $580 nm (Figure 8), except
at 700 nm and at 680 nm (shade light spectrum–grown leaves).
However, while the photosystem efﬁciency balance apparently
determined the wavelength dependency of a at wavelengths
$580 nm, it did not at wavelengths #560nm where photosyn-
thetic carotenoids and nonphotosynthetic pigments absorb. At
these shorter wavelengths, aest overestimated a considerably
(up to 50% in the range 420 to 460 nm). The absorptance
spectrum of the albino leaves, which had a visually white ap-
pearance and were largely free of chlorophyll and carotenoids, is
shown as a qualitative illustration of an absorptance spectrum
by nonphotosynthetic leaf pigments (Figure 3). The albino leaves
absorbed substantially at wavelengths <520 nm, whereas at
longer wavelengths, absorptance was close to zero.
At the red wavelengths (620 to 640 nm) that produced the
highest values of a (i.e., 0.093 for the sunlight spectrum and blue
light, and 0.088 for the shade light spectrum–grown leaves;
Figure 2B), PSII was also overexcited. This overexcitation was
minor for the sunlight spectrum– and blue light–grown leaves
(FPSII = 0.76 and 0.74, respectively) but more considerable for
the shade light spectrum leaves (FPSII = 0.67; Figure 6A). A
correction for the fraction of quantum yield loss due to these
photosystem efﬁciency imbalances (see Methods) resulted in
a calculated mean maximum quantum yield for CO2 ﬁxation of
Figure 5. Relationship between Fv9/Fm9, Photochemical Quenching, the Fraction of Oxidized QA, and the Relative Quantum Yield of PSII.
Relationship of the chlorophyll ﬂuorescence derived parameters Fv9/Fm9 (A), qp (B), and qL (C) with FPSII. The data corresponding with all wavelengths of
actinic light used (380 to 740 nm), and all different light intensities used per wavelength, are plotted for the three different growth light treatments
(sunlight spectrum, open circles; shade light spectrum, closed circles; blue light, squares).
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0.0955 6 0.0004 for all three growth light treatments. This
maximum quantum yield would apply in the case of perfectly
balanced photosystem efﬁciency.
Additional evidence that the photosystem efﬁciency balance
has a strong impact on a is provided by the gas-exchange
measurements under broadband light. The quantum yield of
both the shade light– and sunlight spectrum–grown leaves was
determined for a broadband actinic light spectrum similar to the
growth light spectrum over the spectral range 400 to 725nm.
The quantum yields were also calculated as the weighted sum of
the individual values determined for a at 19 different wave-
lengths (Figure 2) across the broadband actinic light spectra.
For the shade light and sunlight spectrum, a was 21 and 10%
higher than the weighted sum of a, respectively (Table 3). The
larger enhancement effect found under the shade light spectrum
is consistent with the stronger imbalances in photosystem efﬁ-
ciency found at all wavelengths <680 nm for the shade light–
grown leaves (Figures 6A and 7).
DISCUSSION
Origin of the Wavelength Dependence of Quantum Yield
This study aims to clarify the underlying causes of the wave-
length dependence of the quantum yield for CO2 ﬁxation and
its adaptation capacity to the light spectrum of the growth
environment. Previously, the wavelength dependence of
photosynthetic quantum yield has been shown qualitatively
(McCree, 1972b; Inada, 1976) and, at less wavelengths, also
quantitatively (Evans, 1987). We found an overall similar pat-
tern of wavelength dependence of quantum yield on both an
incident and absorbed light basis (Figure 2). In contrast with
earlier work, our parallel measurements of quantum yields for
PSI and PSII electron transport and photosystem stoichiom-
etry allow further analysis of the causes of this wavelength
dependence of quantum yield for CO2 ﬁxation on an absorbed
light basis (a).
Within the light-limited irradiance range, which was the case
for our measurements (see Supplemental Figure 1 online), FPSI
and FPSII are expected to be independent of irradiance in the
absence of any alternative electron sinks for reducing power
from PSII or back-reactions between electron acceptors and
donors, even in case of an imbalanced photosystem excitation.
However, even at wavelengths strongly overexciting PSII (e.g.,
480 nm; Figure 6A), FPSII was relatively high at very low irradi-
ances (i.e., ;10 µmol22 s21) and decreased with increasing ir-
radiance (Figure 4A1). This phenomenon suggests that an
alternative electron acceptor, such as O2 (Pospísil, 2009) or
possibly back-reactions (Quigg et al., 2006), are maintaining the
QA pool in a relatively oxidized state at low irradiances, despite
the insufﬁciency of electron transport through PSI. Notably,
a reduced QA pool is also readily oxidized when actinic light is
turned off. Though these alternative routes for oxidation of the
QA pool increase FPSII at low irradiances, they do not increase
CO2 ﬁxation, so they do not appear to result in higher rates of
linear electron transport. Whatever the underlying cause, these
results show that the linkage between PSII electron transport
Figure 6. Wavelength Dependence of FPSI, FPSII, and the Development
of State Transitions.
(A) Wavelength dependence of FPSI (dashed lines) and FPSII (solid lines)
of leaves exposed to an irradiance just below an intensity high enough to
be no longer light-limited (in the range 50 to 55 µmol m22 s21 for most
wavelengths). The open circles, closed circles, and squares correspond
to sunlight spectrum–, shade light spectrum–, and blue light–grown cu-
cumber leaves, respectively. The inset shows the relationship between
FPSI and FPSII found for sunlight spectrum leaves for the wavelengths
that produced values of FPSI within the efﬁciency range of 0.94 to 0.98.
(B) Wavelength dependence of the ratio of light-adapted minimum
ﬂuorescence (F09) and dark-adapted minimum ﬂuorescence (F0), as an
indicator of state transitions induced by the actinic measuring light (F09/
F0 = 1 indicates state 1; symbols are as in (A).
Error bars through data points represent the SE; the error bars in the top
right corner in (A) and top middle in (B) represent Fisher’s LSD (P < 0.05,
n = 3) of the signiﬁcant interaction between the means of growth light
spectrum and measuring light spectrum effects.
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and metabolism associated with CO2 ﬁxation is ﬂexible under
low irradiance.
The lowvalues found for qpandqL (Figures4Aand5) indicate that
evenat light-limited irradiance,QA reductionmaysigniﬁcantly affect
redox signaling (Bräutigamet al., 2009), andPSIImay be vulnerable
to photodamage (Yamamoto et al., 2008). The independence of
FPSII on Fv9/Fm9 (Figure 5) implies that no nonphotochemical
quenching developed under these strictly light-limiting conditions.
AsFPSII is equivalent to the product of qp and Fv9/Fm9 (Genty et al.,
1989), this lack of dependency implies that FPSII should be de-
termined solely by changes in qp. The curvilinear relationship be-
tween qL and FPSII is expected because the lake model of PSII
organization allows excitation that encounters a closed PSII trap
(i.e., QA
2) in one photosynthetic unit to migrate to another where it
can successfully producecharge separation andelectron transport
(Kramer et al., 2004 and references therein).
In the wavelength range 580 to 720 nm, the a value obtained
by calculating efﬁciency losses due to imbalances in excitation
of the two photosystems (i.e., aest) generally agrees well with a
calculated from gas exchange (Figure 8), indicating that the
photosystem excitation balance determines the wavelength
dependence of a in this spectral range. From 400 to 460 nm
and at 520 nm, the photosystem excitation is balanced for the
leaves grown under the sunlight spectrum and blue light (or nearly
so; Figure 6A), but aest is up to 50% higher than a (Figure 8).
Energy losses at wavelengths <580 nm are to be expected
due to the presence of carotenoids and nonphotosynthetic
pigments in the leaf (Terashima et al., 2009). The energy
transfer efﬁciency from carotenoids to chlorophylls in vivo has
not yet been fully elucidated. However, for PSI carotenoids,
a transfer efﬁciency of 70% has been reported for the core (de
Weerd et al., 2003b) and for the light-harvesting complex
(Wientjes et al., 2011). For PSII, b-carotene associated with
the core has been shown to transfer energy with an efﬁciency
of only 35% (de Weerd et al., 2003a). An energy transfer ef-
ﬁciency of 85 to 90% has been reported for lutein and neo-
xanthin in the antenna complexes of PSII (Croce et al., 2001;
Caffarri et al., 2007), while violaxanthin in the loosely bound
peripheral site of LHCII was shown not to transfer energy to
chlorophylls (Caffarri et al., 2001). Considering that a signiﬁ-
cant fraction of the shorter wavelengths is absorbed by
chlorophylls (Gitelson et al., 2002), that carotenoids still have
an average energy transfer efﬁciency of ;65%, and that for
the blue wavelengths aest is up to 50% higher than a (Figure
8), a considerable proportion of the quantum yield losses at
the shorter wavelengths must be attributable to nonphotosynthetic
pigments. The absorptance spectrum of the albino cucumber
leaves (Figure 3) was similar to that found for albino leaf zones of
Arabidopsis thaliana in which a gene encoding a key enzyme in
carotenoid synthesis was knocked out by virus-induced gene
silencing (Zheng et al., 2010). These absorptance spectra
qualitatively indicate that nonphotosynthetic pigments absorbed
at wavelengths <520 nm, which is in agreement with the lower
values of a than those of aest (Figure 8). However, the albino
absorptance spectra are unsuitable for quantitative analysis as
the nonphotosynthetic pigment composition may be different for
the albino and the green cucumber leaves (Solfanelli et al.,
2006). UV and blue light are reported to stimulate the tran-
scription of ﬂavonoid synthesis genes in order to protect plants
against photodamage (Kubasek et al., 1992; Jackson and Jenkins,
1995). However, no notable difference between a of the sunlight
spectrum– and the blue light–grown leaves was found (Figure
2B), suggesting that in these leaves the synthesis of ﬂavonoids
that absorb visible light was either insensitive to blue irradiance
or it was saturated by the blue light content of the sunlight
spectrum.
Table 1. Effect of Growth-Light Spectrum on Photosystem Composition
Growth Light Sun Shade Blue
Chlorophyll a:b 2.98b 2.67c 3.10a
LHCII per PSII core 3.61ab 3.72a 3.29b
RC ratio PSI/PSII 0.90a 0.64b 0.90a
RC ratio PSII/(PSII+PSI) 0.53b 0.61a 0.53b
Chlorophyll a:b ratio, number of LHCII trimers per PSII core, and reaction center ratio of the two photosystems (expressed in two different ways) of
cucumber leaves grown under the sunlight spectrum (Sun), the shade light spectrum (Shade), and blue irradiance (Blue). Different letters indicate
signiﬁcant differences between means (P # 0.05; n = 3).
Table 2. Chlorophyll Content Values of Different Photosystem Components
Photosystem Component Chlorophyll No. Chlorophyll a:b Chlorophyll a Chlorophyll b
PSI-LHCI 168 8.5 150.3 17.7
PSII core 37 ∞ 37 n.a.
LHCII trimer 42 1.3 23.7 18.3
Minor Lhcb 27 1.7 17 10
The chlorophyll content values of PSI-LHCI, PSII core, LHCII trimer, and minor Lhcb (sum of CP29, CP26, and CP24) that
were used to calculate the PSI:PSII ratio from the chlorophyll a:b ratio of the membranes. For the calculation, a 1:1 ratio for
PSII core:minor Lhcbs was used, while the LHCII:PSII core ratio was obtained for each sample from the analysis of the
SDS-PAGE gel. The PSII core binds no chlorophyll b, hence the inﬁnity sign (∞). n.a., not applicable.
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Quantum Yield and Photosystem Stoichiometry Acclimation
to Growth Spectrum
At those wavelengths where the shade light spectrum–grown
leaves had a lower a than the sunlight spectrum– or the blue
light–grown leaves (Figure 2B), FPSII was also lower for the
shade light spectrum–grown leaves (Figure 6A). By contrast,
where shade light spectrum–grown leaves had a higher a (>680
nm), their FPSI was also higher. Therefore, the shade light
spectrum leaves, grown under a spectrum with a large pro-
portion of wavelengths overexciting PSI (Figure 1), use PSI light
more efﬁciently than sunlight spectrum– and the blue light–
grown leaves, whereas sunlight spectrum and the blue light
leaves use PSII light more efﬁciently than shade light spectrum–
grown leaves. The differences in the wavelength dependence of
a, FPSI, and FPSII between the shade light spectrum leaves on
the one hand and the sunlight spectrum and blue light leaves on
the other are consistent with the relatively greater number of
PSII reaction centers found in the shade light spectrum leaves
(Table 1; conﬁrmed by Supplemental Figure 3 online). However,
the antenna size of PSII did not differ for sunlight and shade light
spectrum leaves. These results are in line with those of Chow
et al. (1990). It is important to distinguish the differences be-
tween sunlight and shade light in terms of spectral composition
and irradiance intensity. In contrast with a shade light spectrum
versus a sunlight spectrum, the antenna size of PSII is generally
larger for leaves acclimated to low irradiance compared with
high irradiance leaves (Walters and Horton, 1994; Bailey et al.,
2001; Ballottari et al., 2007). We further show that across the
spectrum of wavelengths #680 nm used, the excitation of PSII
is higher than that of PSI in the shade light spectrum leaves,
compared with the sunlight spectrum and blue light leaves,
whether this is derived from in vitro or in vivo measurements
(Figure 7A). This shift to increased PSII excitation dependent
upon the growth spectrum clearly shows the extent and con-
sequences of photosystem acclimation to growth light spectra
exciting PSI and PSII in different proportions.
Despite the possible discrepancies between photosystem
excitation balance in vitro, where only the relative absorbance
of the photosystems is taken into account, and the photosystem
efﬁciency balance in vivo, where inefﬁciencies in excitation en-
ergy transfer and charge separation, and cyclic electron trans-
port, back-reactions, or transfer to O2 can play a role, the
relationship between the two approaches is highly linear (Figure
7B). This indicates that the impact of these in vivo processes at
the highest light-limited actinic irradiances used was small enough
to allow the measures of FPSII and FPSI to be used to estimate
a functional excitation balance. The moderate outliers in the
relationship between the two approaches (460 and 500 nm; see
Supplemental Figure 5 online) are likely due to the strong ab-
sorption of these wavelengths by carotenoids, which are asso-
ciated more with PSII than PSI and which on average have
a lower excitation energy transfer yield when associated with
PSII than PSI (see section above).
In absolute terms, the overexcitation of PSII was found to be
greater in vitro than in vivo (Figure 7). This may have several
origins: (1) The in vitro approach using absorbance does not
incorporate a correction for losses of excitation transfer efﬁ-
ciency and thus overestimates the relative excitation of PSII
at wavelengths where carotenoids absorb. (2) In vivo over-
excitation of PSII may have been slightly underestimated due
to the bias of the 640-nm measuring light used to determine
FPSII toward the adaxial leaf layers, whereas in vitro proteins
from the whole leaf were measured. (3) State transitions did not
play a role in vitro, whereas during the in vivo measurements
state transitions partly rebalanced photosystem excitation.
Any F09 quenching accounted for by nonphotochemical
quenching (Oxborough and Baker, 1997) can be ruled out in
our measurements (Figure 5A). Therefore, the lower F09 found
for PSII light than for PSI light, which produced an F09 equal to
dark-adapted F0, and the broader wavelength range producing
Figure 7. Wavelength Dependence of the Excitation Balance between
PSI and PSII.
(A) Wavelength dependence of the excitation balance of the two photo-
systems calculated as absorption by PSII divided by absorption of both
PSI and PSII using an in vitro (connected lines) and in vivo (unconnected
data points) approach. The left y axis corresponds to the in vitro approach
(sunlight spectrum, dashed line; shade light spectrum, top solid line; blue
light, bottom solid line) and the right y axis with the in vivo approach
(sunlight spectrum, open circles; shade light spectrum, closed circles; blue
light, squares). Note that the scale is different for the two y axes.
(B) Relationship between the excitation balances obtained via the in vitro and
in vivo approach. The data in the top right corner, which are the data in plot (A),
are presented in more detail in Supplemental Figure 5 online. Note that for
values of PSII/(PSII+PSI) < 0.4, which correspond with wavelengths preferen-
tially exciting PSI, both the in vitro and in vivo methods produce similar results.
At values of PSII/(PSII+PSI) > 0.5, which correspond with wavelengths pref-
erentially exciting PSII, the overexcitation of PSII appears to be stronger in vitro.
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minimal ratios of F09 and F0 for the shade spectrum leaves
(Figure 6B), support the proposition that state transitions di-
minished the overexcitation of PSII in vivo. Our data also show
that in the case of strong imbalances in photosystem excita-
tion, state transitions are not capable of fully rebalancing ex-
citation, as in vivo the PSII acceptor side is still reduced
substantially over a broad range of wavelengths (Figures 6A
and 7).
Despite blue light being widely used to excite PSII, it is the
longer blue wavelengths (460 to 500 nm) that strongly overexcite
PSII and not the blue wavelengths around 445 nm used here
(Evans and Anderson, 1987; Figures 6A and 7A). However, pure
blue light around 445 nm is expected to excite cryptochromes
more strongly than the sunlight- and shade light spectrum in our
treatments (Ahmad et al., 2002) and produces a phytochrome
signaling that is closer to that of the shade light spectrum
treatment than of the sunlight spectrum treatment (Sager et al.,
1988; Hogewoning et al., 2010c). So far little is known on the
role that nonphotosynthetic photoreceptor signaling plays in
photosynthetic acclimation (Dietzel et al., 2008). Studies with
photoreceptor-deﬁcient mutants suggested that the acclimation
of photosystem stoichiometry does not depend on the presence
of phytochromes or cryptochromes (Walters et al., 1999; Fey
et al., 2005). The lack of any signiﬁcant physiological differences
found between our sunlight spectrum– and blue light–grown
leaves (Figures 2, 6A, and 7A) conﬁrm this suggestion, although
the amount of LHCII per PSII core was slightly lower in the blue
light–grown leaves (Table 1). At least the physiological
consequences for the acclimation of quantum yield to the
growth spectrum are shown to be fully dependent on changes in
photosystem stoichiometry and subsequent effects on photo-
system efﬁciency balance under our experimental conditions.
The Maximum Quantum Yield for CO2 Fixation and the
Importance of Enhancement Effects
The absolute maximum quantum yield for CO2 ﬁxation or O2
evolution has been a subject of debate for a long time (Govindjee,
1999). We found a maximum quantum yield of 0.093 CO2 ﬁxed
per absorbed photon for the sunlight spectrum– and blue light
grown–leaves at 620 to 640 nm (Figure 2B; see Supplemental
Table 2 online). Correction for quantum yield losses due to im-
balances in photosystem excitation at these red wavelengths
increased the maximum value of a to 0.0955 for all three growth
light treatments. Since McCree (1972a) concluded that en-
hancement effects are insigniﬁcantly small for white light, not
much attention has been given to the issue of enhancement
effects (i.e., the quantum yield of a combination of wavelengths
is higher than the sum of the parts) (Emerson et al., 1957).
However, we show that most wavelengths in the range 400 to
670 nm overexcited PSII slightly or more strongly, dependent on
the growth light treatment, while wavelengths in the range 685 to
730 nm strongly overexcited PSI (Figures 6A and 7A), as sug-
gested in the work of Evans and Anderson (1987). Also, leaves
tune their photosystem stoichiometry to the spectrum of their
growth environment, resulting in increased light use efﬁciency
Table 3. Quantum Yield Enhancement Effect Produced by Combining Wavelengths
Light Spectrum a Measured a Calculated Enhancement
Shade light spectrum 0.085 6 0.001 0.070 6 0.001 21%
Sunlight spectrum 0.084 6 0.001 0.076 6 0.001 10%
Enhancement of the quantum yield for CO2 ﬁxation (a) under an actinic light spectrum similar to the growth light spectrum in
comparison with a calculated as the weighted sum of 19 individual wavelengths across the actinic light spectrum (a over
400 to 725 nm; 6SE).
Figure 8. Wavelength Dependence of Quantum Yield Losses due to Absorption by Carotenoids and Nonphotosynthetic Pigments.
Quantum yield for CO2 ﬁxation for 18 different wavelengths (400 to 720 nm) calculated from gas-exchange measurements (i.e., measured values of a as in
Figure 2B; solid lines) and from the in vivo efﬁciency balance between the two photosystems as shown in Figure 7A (aest; dotted lines). Note that light
absorption by carotenoids and nonphotosynthetic pigments has not been taken into account in the calculation of aest. Graphs (A), (B), and (C) correspond
to leaves grown under the sunlight spectrum, the shade light spectrum, and the blue irradiance, respectively. Error bars indicate the SE (n = 3).
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(see section above; Chow et al., 1990). So, while the longer
wavelengths (>700 nm) individually produce relatively low values
of a (Figure 2B) due to PSI overexcitation (Figures 6A and 7A),
there is no reason to assume that a would be suboptimal for
these long wavelengths in the presence of other wavelengths
that balance the photosystem excitation. Therefore, the contri-
bution of the longer wavelengths (700 to 730 nm) to the quantum
yield is expected to be signiﬁcant when measuring the maximum
a with a broadband light source extending to the near infrared
(NIR). Our calculation showing a signiﬁcant enhancement effect
on the value of a for both the shade light and sunlight spectrum,
and the larger enhancement for the shade light spectrum (Table 3),
conﬁrms this expectation.
Enhancement effects have consequences for quantum yield
measurements. In some studies on the maximum quantum yield,
a quantum sensor (sensitivity 400 to 700 nm) was used to
measure the quantum ﬂux of broadband actinic light containing
wavelengths >700 nm (Björkman and Demmig, 1987; Long
et al., 1993). When the wavelength range 700 to 730 nm is not
taken into account, quantum yields are overestimated because
the absorbed photon ﬂux is underestimated, and, perhaps more
importantly, this wavelength range is the most important for
enhancement effects. Nevertheless, Long et al. (1993) reported
an average maximum a of 0.093 CO2 ﬁxed per absorbed photon
for a range of C3 plants of diverse life form, taxa, and habitat,
which is in line with our maximum. However, they measured with
a quartz-iodine lamp (white light), which is enriched in the red
part of the spectrum compared with sunlight (Evans, 1987), but
nevertheless substantially comprises less efﬁcient, shorter
wavelengths. Therefore, the shorter wavelengths (<580 nm)
would have produced an underestimate of the absolute maxi-
mum a, while ignoring the longer wavelengths (>700 nm) would
have produced an overestimate of a. In fact, the varying extent
to which a is lowered at the shorter wavelengths for different
species (Inada, 1976) and growth environments (McCree,
1972b) makes it difﬁcult to compare measurements of quantum
yield with actinic light containing these shorter wavelengths.
If the aim is to measure quantum yield for purposes of un-
derstanding the maximum potential conversion efﬁciency of
photosynthetic electron transport to CO2 ﬁxation, it should be
determined using a combination of wavelengths that (1) are not
absorbed by carotenoids and nonphotosynthetic pigments (i.e.,
$580nm) and (2) produce a balanced photosystem efﬁciency,
which can be monitored spectroscopically in vivo (Baker et al.,
2007). In other cases, it is important that the spectrum of the
actinic irradiance is provided. We conclude that the maximum
quantum yield for CO2 ﬁxation is around 0.095 and that en-
hancement effects are signiﬁcant.
Our study shows that photosystem efﬁciency balance deter-
mines the wavelength dependence of leaf photosynthetic quantum
yield where absorption by carotenoids and nonphotosynthetic
pigments is insigniﬁcant. It would be valuable to disentangle the
contributions of photosynthetic carotenoids and nonphoto-
synthetic pigments to quantum yield losses quantitatively. Crop
yields may be improved by breeding varieties with a lower
nonphotosynthetic pigment content, especially under controlled
conditions (e.g., greenhouses) with lower abiotic stress levels
(e.g., drought and UV radiation). State transitions only partly
counteracted imbalances resulting from illumination with PSII
light. Where the plant’s growth light spectrum excited the two
photosystems to different degrees, the PSI:PSII ratio in the
thylakoids was adjusted to increase the light use efﬁciency for
electron transport. Interestingly, it was not the PSII antenna size
but the number of PSII supercomplexes that changed. The re-
markable match between the in vitro and in vivo approach used
to determine photosystem excitation balance proves that mea-
surements on isolated thylakoids can be used reliably to make
an estimate of the in vivo wavelength dependence of the quantum
yield for CO2 ﬁxation.
METHODS
Plant Material and Growth Conditions
Cucumber plants (Cucumis sativus cv Hoffmann’s Giganta) were cultivated
in a climate chamber (Hogewoning et al., 2010c) under 1006 5 µmolm22 s21
irradiance (16 h photoperiod) provided by three light sources with distinct
spectra (Figure 1): an artiﬁcial sunlight spectrum (Hogewoning et al., 2010b),
an artiﬁcial shade light spectrum, and blue light, the latter provided by light-
emitting diodes (LEDs; center wavelength 445 nm; Hogewoning et al.,
2010c). The shade light spectrum is expected to excite PSI more strongly
than the sunlight spectrum and the 445 nm blue light, for which a similar
photosystem excitation balance is expected (Evans and Anderson, 1987).
The shade light spectrum was provided by quartz-halogen lamps ﬁltered
with a tungsten-to-daylight conversion ﬁlter (Full C.T. blue; Lee Filters) with
a dielectric multilayer ﬁlm reﬂecting near-infrared wavelengths (900 to 1200
nm; Sonneveld et al., 2009) for temperature control.
Cucumber plants derived from a F3 population in which one-third of
the plants developed an albino phenotype in the tissue between the veins
(De Ruiter Seeds) were grown under similar conditions but using red LEDs
as the growth light.
Gas Exchange
Gas exchange was measured on leaves using a lab-built two-part leaf
chamber (Hogewoning et al., 2010a). A gas mix containing 380 mmol mol21
CO2, 20.86 0.4 mmol mol
21 water, and 20mmol mol21 O2 in N2 was used
at a ﬂow rate sufﬁcient for CO2 depletion to remain below 10 mmol mol
21.
Leaf CO2 and water exchange and the atmospheric pressure were
measured using a LI-7000 gas analyzer (LI-COR), and CO2 assimilation
was determined according to von Caemmerer and Farquhar (1981). Leaf
temperature was maintained at 25 6 1°C by circulating temperature-
conditioned water through channels in the upper and lower leaf chamber
halves and was monitored from below the leaf using a noncontact
temperature sensor (Micro IRt/c; Exergen). No signiﬁcant leaks in the leaf
chamber seal, which might have affected the gas-exchange measure-
ments, were found.
Actinic Light
Actinic light was projected onto the leaf from above via a randomized
optical ﬁber split into four ﬁbers (Heinz Walz), allowing the projection of up
to four different light sources onto the leaf. The light sources used were
ﬁltered 250-W quartz-halogen lamps and a blue LED of the same type as
used for blue growth light. To provide narrow-band light with 19 different
wavelength bands in the range 400 to 740 nm, a quartz-halogen lamp was
ﬁltered using a NIR cutoff ﬁlter in combination with different band-pass
ﬁlters: 400 nmwith a 40-nm full width at half maximum (FWHM; Thorlabs);
427 nm with 15-nm FWHM (Semrock); 445 nm with 25-nm FWHM
(Semrock); and 460 to 740 nm with 10-nm FWHM (Thorlabs). The ﬁlters
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from Semrock were used in combination with an additional NIR ﬁlter. In
the UV-A region of the spectrum, actinic light was provided using three
LEDs (380-nm center wavelength; H2A1-H375; Roithner Lasertechnik)
coupled to three ﬁbers that illuminated the leaf via ports in the side of the
leaf chamber. Broad-band actinic light was provided by ﬁltering a quartz-
halogen lamp with a tungsten-to-daylight conversion ﬁlter (similar to the
shade light spectrum treatment) and by adding an additional NIR ﬁlter to
remove the longer wavelengths from the spectrum. Rotary solenoid–
driven shutters were used to interrupt the actinic light, and different light
intensities of the actinic light provided by the ﬁltered quartz-halogen
lamps were set using neutral density ﬁlters.
The incident actinic light intensity was measured using the photo-
current output of a photodiode (OSD15-5T; Centronic) that sampled the
irradiance in the leaf chamber via a light guide. The light guide photodiode
system was calibrated in situ for each wavelength using both a thermopile
calibrated against a quantum sensor (LI-COR) and the spectroradiometer
(USB2000; Ocean Optics), the sensors being placed in the chamber at the
same level as the leaf. The ﬁber optic probe of the spectroradiometer was
mounted in a black holder to replicate the design of the quantum sensor,
where the optical window of the sensor is located in a black background.
The area surrounding the optical window of the thermopile was also
painted black. The two calibration methods produced identical results.
The calibration with the spectroradiometer was repeated with a cucumber
leaf as a background (i.e., the ﬁber projected through the leaf), producing
results different from those obtained with a black background, consistent
with the reﬂectance spectrum of the cucumber leaf. The calibration with
a black background underestimated the irradiance a leaf receives more at
those wavelengths where reﬂectance is greater (e.g., 1%at 520 nm, 5%at
560 nm, 1%at 620 nm, 10%at 720 nm, and 22%at 740 nm). This is due to
the radiation reﬂected from the leaf being reﬂected from the chamber
interior back onto the leaf surface, and this error was corrected for. We
were unable to measure the irradiance of the 380 nm radiation accurately,
so for this wavelength, not all data are presented. The light distribution
over the leaf chamber area was measured (Hogewoning et al., 2010a) to
determine the average irradiance that the leaf received.
Chlorophyll Fluorescence
Chlorophyll ﬂuorescence was measured using red and green excitation
wavelengths asmeasuring light. Green excitation was obtained from a 530-
nm peak emission LED (Luxeon K2) ﬁltered by a 560-nm, 10-nm FWHM
band-pass ﬁlter (Thorlabs). Red excitation was obtained from a 640-nm
peak emission LED (Luxeon K2) ﬁltered by a 660-nm short-pass ﬁlter. Both
sources were modulated at different frequencies of ;1000 Hz and applied
simultaneously to the leaf. The measuring light was projected onto the leaf
via optical ﬁbers inserted into ports in the side of the leaf chamber. A
saturating light pulse (1.2 s; 10,000 µmolm22 s21) was provided by 16 LEDs
(640 nm; Luxeon Rebel) mounted on a brass ring, which supported and
surrounded the optical ﬁber for the actinic light and served as a heat sink for
the LEDs. The chlorophyll ﬂuorescence signal was detected from below the
leaf by three photodiodes (GaAsP G1736; Hamamatsu) mounted on
a custom-made detector board. The photodiodes were covered with 3-mm
RG9 ﬁlters that only transmit wavelengths >700nm (Schott). The signal from
the photodiodes was demodulated using two lab-built demodulators, one
for each of the two excitation wavelengths. Light- and dark-adapted
minimum chlorophyll ﬂuorescence (F09 and F0, respectively) were
measured in the absence of actinic light by ﬁrst closing the shutters
and then applying a 1-s pulse of FR to oxidize any reduced QA and
ensure the measurement of a real F0 or F09. Short FR pulses were
provided by a quartz-halogen lamp with a band-pass ﬁlter (710 nm,
10 nm FWHM; Thorlabs) coupled into an optical ﬁber inserted into
a port in the side of the leaf chamber.
Measurements of light-adapted steady state chlorophyll ﬂuorescence
(F9), light-saturated chlorophyll ﬂuorescence (Fm9), and F09 (nomenclature
as in van Kooten and Snel, 1990) were used to calculate the relative PSII
operating efﬁciency (Fq9/Fm9 or FPSII), the electron transport efﬁciency by
open PSII traps (Fv9/Fm9), the PSII efﬁciency factor (Fq9/Fv9 or qp), and the
fraction of QA oxidized (i.e., open; qL,) according to Kramer et al. (2004) and
Baker (2008). The parameter qL, calculated as (Fq9/Fv9)(F09/F9), is based on
the lake model for the PSII photosynthetic apparatus and provides an
estimate of the fraction of open PSII centers (with QA oxidized; Kramer
et al., 2004). Dark-adapted (20 min) F0 and Fm measurement allowed the
calculation of the maximum quantum efﬁciency of PSII (Fv/Fm). In the
results, only data obtained from measurements with red measuring light
are shown, as the parameters calculated frommeasurements with red and
green measuring light did not differ signiﬁcantly.
820-nm Absorbance Changes
The measuring light for 820-nm absorbance changes (DA820) was pro-
vided by an LED (ELD-810-525; Roithner Lasertechnik) coupled to an
optical ﬁber, which was inserted into a port in the side of the leaf chamber.
The 820-nm signal was detected by three NIR-sensitive silicon photo-
diodes (BPW 34 FA; Osram) mounted on the same circuit board as the
photodiodes detecting chlorophyll ﬂuorescence and demodulated using
a lab-built demodulator. The signal changes produced by interrupting the
actinic light and applying and removing a 10-s FR pulse were recorded.
During the FR pulse, a saturating light pulse (5 ms) was applied to the leaf
to ensure a complete oxidation of the P700 pool (Kingston-Smith et al.,
1999), and the rapid signal changes produced were recorded using a USB
oscilloscope module (500-kHz Mephisto Scope; Meilhaus). A saturating
light pulse (400 ms) from the red LED array was used to accelerate
complete reduction of P700+ when this reduction was slow (usually at
wavelengths $680 nm). The relative PSI operating efﬁciency (FPSI) was
calculated from the signal recorded during the light-adapted steady state,
the fully reduced state, and the fully oxidized state of the P700 pool (Baker
et al., 2007).
Measurement of Photosynthesis Parameters
Simultaneous measurements of gas exchange (2% O2), chlorophyll
ﬂuorescence and DA820 were made at 20 different wavelengths of actinic
light in the range 380 to 740 nm on mature second leaves of intact plants
with a homogeneously distributed Fv/Fm $ 0.8 (veriﬁed by chlorophyll
ﬂuorescence imaging as in Hogewoning and Harbinson, 2007). Mea-
surements were made at ﬁve light-limited irradiances, typically within the
range 10 to 55 µmol m22 s21 absorbed irradiance, using the minimum
irradiance to prevent the Kok effect (Sharp et al., 1984). The quantum yield
for CO2 ﬁxation (a) was calculated as the slope of the linear regression
between net assimilation and irradiance. When gas exchange was in
steady state, steady state ﬂuorescence (F9), the maximum ﬂuorescence
(Fm9), and DA820 were recorded at each irradiance. The light-adapted
minimum ﬂuorescence (F09) was recorded at three irradiances per
wavelength. Dark-adapted Fv/Fm was measured at the start and end of
each day.
Before subjecting the leaf to a different wavelength, it was exposed to
an actinic light spectrum similar to the growth light spectrum until gas
exchange stabilized to prevent possible adaptation effects during mea-
surement. At the start, middle, and end of each day, gas exchange,
chlorophyll ﬂuorescence and DA820 were measured using an actinic light
spectrum similar to the growth spectrum to identify any changes in the leaf
response arising during the day. Measurements taken on three plants over
3 d were required for the full sequence of 20 wavelengths. The quantum
yield of the actinic light spectrum similar to the growth spectrum was
determined for the irradiance absorbed between 400 and 725 nm. The
slight differences between the a values for these broadband spectra that
were occasionally found between the three leaves required for mea-
surement of the full sequence of the 20 narrow-band wavelengths never
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exceeded 6%. Any deviation of the average a value of these three leaves
was used as a correction factor for the a values for the narrow-band
wavelengths measured on the corresponding leaf. Per growth light treat-
ment, all 20 narrow-band wavelengths were measured three times (n = 3).
Leaf Absorptance of actinic light
The absorptance spectrum of each leaf was calculated in nanometer
steps from reﬂectance and transmittance measurements (Hogewoning
et al., 2010b) made after measuring the leaf photosynthesis parameters.
The absorbed light fraction was calculated for each wavelength by
multiplying the absorptance spectrum with the actinic light spectrum. The
effect of blue light–induced chloroplast movements (Jarillo et al., 2001) on
absorptance was checked by comparing the absorptance spectrum of
a dark-adapted leaf with that of a leaf exposed for 1 h to 300 µmolm22 s21
blue LED light (463-nm center wavelength). The difference was negligible
across the spectrum (#1%). To obtain a qualitative indication of ab-
sorptance by nonphotosynthetic pigments, absorptance spectra were
also measured on the albino leaves (n = 10).
Calculation of Enhancement Effect under Broadband Light
Broadband light enhancement effects on a were veriﬁed for both the
shade light– and sunlight spectrum–grown leaves. For this, the quantum
yield of the actinic light spectrum similar to the growth spectrum in the
range 400 to 725 nm (see above) was also calculated as the weighted sum
of the a values corresponding with all narrow-band wavelengths mea-
sured. First, the a value was determined in 1-nm steps in the range 400 to
725 nm by interpolation of the a value for the 19 wavelengths measured
within this spectral range. The resulting column of a values was multiplied
with a column containing the absorbed irradiance spectrum in 1-nm steps
for each corresponding leaf. The sum of these products represents the
a value for broadband light as the weighted sum of the individual
wavelengths across the actinic light spectrum.
Quantiﬁcation of Photosystem Composition
Thylakoids were prepared from snap-frozen leaves (Bassi et al., 1988),
and the number of LHCII complexes per PSII core was evaluated by SDS-
PAGE (14.5% Tris-Tricine; Schägger, 2006) and colorimetric detection.
After Coomassie Brilliant Blue staining, gels were digitized with a Fujiﬁlm
LAS 300 scanner, and the optical density integrated on the area of the
band was quantiﬁed using the GEL-PRO Analyzer (Media Cybernetics).
The total optical density of the Lhcb1,2 and Lhcb3 band was compared
with that of CP29 (the bands were identiﬁed by protein immunoblotting).
To quantify the different binding of Coomassie Brilliant Blue to these
polypeptides, a subcomplex containing LHCII and CP29 in a 1:1 ratio (B4;
Caffarri et al., 2009) was analyzed in the same gel system. A 1.1 times
stronger binding to CP29 than to LHCII was found. CP29 is assumed to be
present at stoichiometric amounts with the PSII core, based on its
presence in the smallest C2S2 (dimeric core with two strongly bound LHCII
trimers) PSII supercomplex (Morosinotto et al., 2006; Caffarri et al., 2009).
To our knowledge, no substantial amount of PSII core without associated
Lhcb antenna can be present in wild-type plants. Eight repetitions from
three different leaves per growth light treatment were used.
The PSI:PSII ratio was calculated from the measured chlorophyll a:b
ratio as described by Croce et al. (2002) using the pigment-protein
stoichiometry of the individual complexes (Table 2) and the number of
LHCII complexes per core. A stoichiometry of 1:1 between the core and
the minor antennae (CP24, CP26, and CP29) was used (Yakushevska
et al., 2001). Due to the large difference in chlorophyll a:b ratio for PSI (8.5)
and PSII (1.85 based on 3.6 LHCII/PSII core), this allows for an accurate
estimation of the PSI:PSII ratio (for further details on the calculation, see
legend of Supplemental Figure 2 online). This methodwas used previously
to estimate the number of LHCII trimers per PSII core in PSII membranes
(Broess et al., 2008). Additionally, the PSI:PSII ratio was determined by
protein immunoblotting (see Supplemental Figure 3 online).
Photosystem Excitation Balance in Vivo and in Vitro
The in vivo loss of quantum yield for CO2 ﬁxation on an absorbed light
basis that can be attributed to an imbalanced photosystem excitation was
calculated for each wavelength. First, the in vivo photosystem efﬁciency
balance was determined for each wavelength using the following
equation:
Photosystem efficiency balance ¼
FPSIIðmaxÞ=FPSII
FPSIðmaxÞ=FPSI
 þ  FPSIIðmaxÞ=FPSII
where FPSI and FPSII are the values measured at the highest light-limited irra-
diance for each wavelength.FPSI(max) andFPSII(max) are the values ofFPSI andFPSII
obtained under steady state excitation at those wavelengths producing a max-
imumefﬁciency for the respective photosystems (i.e.,;0.99 and0.80 forFPSI and
FPSII, respectively). Using these maximum efﬁciency values, the normalized
values ofFPSI (i.e.,FPSI/FPSI(max)) andFPSII (i.e.,FPSII/FPSII(max)) can be determined.
We assume that under strictly light-limiting conditions, a normalized FPSI orFPSII
that is less than the maximum limiting value is due to the overexcitation of that
photosystem relative to the other. The reciprocal of the normalized efﬁciency is
therefore a measure of the relative excitation of PSI and PSII at that actinic
wavelength. The photosystem efﬁciency balance, which is the relative excitation
balance of PSII and PSI derived from the measured photochemical yields of PSII
and PSI, can then be calculated as shown in the equation above.
Second, the loss of quantum yield that can be attributed to unbalanced
photosystem excitation was determined for each wavelength using the
following equation:
Fraction of quantum yield loss  ¼  
j2 ∗ ðphotosystem efficiency balance 2  0:5Þj
where 0.5 represents a perfectly balanced photosystem excitation; any
deviations of this value will result in a loss of yield, which is double this absolute
numerical value. Subsequently, the quantum yield for CO2 ﬁxation was cal-
culated from this fraction of quantum yield loss at each wavelength using the
following equation:
aest  ¼  ð12 fraction of quantum yield lossÞ 3 amax
where aest represents the calculated quantum yield for CO2 ﬁxation that takes
no account of quantum yield losses due to absorptance by photosynthetic
carotenoids or nonphotosynthetic pigments (amax represents the highest
measured a value determined by gas exchange at 620 or 640 nm).
The wavelength dependence of the in vitro excitation balance of the
two photosystems was determined using the absorbance spectra of the
different photosystem components. First, LHCII and PSI-LHCI were
puriﬁed from chloroplasts (Caffarri et al., 2001). Next, absorbance of these
components was measured in the range 360 to 800 nm using a Cary 4000
spectrophotometer. Additionally, the absorbance spectrum of the PSII
C2S2M2 supercomplex (dimeric core complex with two strongly and two
moderately bound LHCII trimers and two sets of minor antenna: CP24,
CP26, and CP29) of Arabidopsis thaliana (Caffarri et al., 2009) was used.
We did not have sufﬁcient material to purify this complex from our plants;
however, the absorbance spectra of LHCII and PSI puriﬁed from our
cucumber or from Arabidopsis did not show relevant differences (see
Supplemental Figure 6 online). Consequently, no signiﬁcant differences
between C2S2M2 in Arabidopsis and our leaves are expected. The relative
absorbance spectrum of the two photosystems was calculated as fol-
lows. First, the LHCII, C2S2M2, and PSI-LHCI spectra where normalized in
the Qy region (630 to 750 nm), taking into account the number of co-
ordinated chlorophylls a and b (Table 2) and the 0.7 times weaker os-
cillator strengths for chlorophyll b compared with chlorophyll a in this
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region (Sauer et al., 1966). Second, the absorbance spectra of both PSII
and PSI were calculated taking into account the LHCII:PSII core and PSI:
PSII ratio (see Supplemental Figure 4 online). Third, the ratio between the
two spectra was determined as (absorbance PSII)/(absorbance PSI +
absorbance PSII) for each light spectrum treatment. This calculation
assumes that in vitro all LHCII remained associated with PSII and
therefore takes no account of state transitions.
Statistics
Fisher’s LSD was used to make post-hoc multiple comparisons among
growth light treatment means for pigment and photosystem composition
from signiﬁcant one-way analysis of variance tests (P < 0.05) using
Genstat (release 9.2; Rothamsted Experimental Station). Likewise,
comparisons among the means of growth light spectrum, measuring light
spectrum, and the interaction between these two factors were made from
signiﬁcant two-way analysis of variance tests (P < 0.05) for the wavelength
dependence of the quantum yield for CO2 ﬁxation, FPSI, and FPSII and the
wavelength dependence of F09/F0.
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